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TECHNICAL
MEMORANDUM. Scientific and technical findings that are preliminary or of specialized interest, e.g., quick release reports, working papers, and bibliographies that contain minimal annotation. Whiletheaforementioned investigators haveshown that it is possible tocreate arealistic, laboratory-scale combustion dynamics experiment, the scalingprocesses through which these experiments canbedesigned havenotbeendescribed with sufficient specificity to allowthe methodology to be adopted bythetechnical community atlarge.In order forthe resultsof sub-scale experiments to be usefulto engine designers, theremustbea system in place totranslate those results to engine-scale. This paper discusses such a process, involving the following steps: To test this conclusion, a limited series of non-reacting experiments were conducted (Anderson, et al, 1998) to determine the acoustic and fluid mechanic response characteristics of the air swirlers that were used in the engine tests.
The aim of these experiments was to measure differences in the responses of the air swirler / fuel injector designs that might explain their behavior in engine tests. It was found that the air swirlers associated with the largest pressure oscillations exhibited a preferential response to air flow perturbations in the frequency range between 300 Hz and 500 Hz. Air swiders that performed better in the engine did not exhibit this phenomenon in the non-reacting tests.
While fast-response combustor pressure data were acquired during the engine tests, they were acquired at a limited number of locations.
For this reason, it was difficult to draw any significant conclusions about the nature of the instability purely from the engine data.
The analyses described in the next section of this paper were used to augment and interpret the engine data. The combination of the engine data, the acoustic analyses and the non-reacting swirler/injector characterization provided the basis for replicating the problem in a single-nozzle combustor rig. geometry was converted into a one-dimensional description of area vs. axial position as shown by the dashed line in Fig. 2 , which shows the distributions for both the engine and the rig (to be discussed later). The geometry used included an inlet plenum, the engine prediffuser, diffuser plenum, the cowl or hood, the swirler, the combustor liner and turbine vanes. The combustor lies between x = 0 and 9.25 in. Beyond the turbine vane exit, the area was expanded rapidly to create a plenum dump. The boundary conditions used were constant total pressure at the inlet plenum and constant static pressure at the exit plenum.
Analysis of Engine Acoustics
The acoustic response of the system was obtained by swept-sine forcing of the entire heat release distribution. The fluctuation levels imposed on the heat release were 10% of the mean. The unsteady pressure amplitude at the x = 3 in. location in the combustor (3 in. downstream of the combustor dump plane) was used to determine the pressure response. This location was chosen because it roughly aligned with the centroid of the presumed heat-release distribution.
The sweptsine response is shown in Fig. 3 and indicates a resonance at approximately 575 Hz. The width of the amplitude response peak indicates a large amount of damping. However, the width of the response also indicates a broad range of frequencies over which the system may be susceptible to combustion instability.
These results indicated a longitudinal mode in the combustor near 575 Hz, near the observed frequency of about 525 Hz. The pressure mode shape for this mode is shown in Fig. 4 . The mode represents a full-wave solution to the system equations with zero unsteady pressure specified at each end. Given the high impedance at each end due to the high Mach number boundaries, the mode shape can also be interpreted as a half-wave across the diffuser-combustor domain with closed ends. Note there is a pressure node apparent at the air swirler/fuel injector (x=0). The calculated fluctuating pressure in the diffuser was 180 deg. out of phase from the pressure in the combustor.
It is believed that this was the basic acoustic mode that occurred in the engine configuration instability.
Although tangential acoustic modes existin thefull-annular enginecombustor, analysis of the enginedataandtwodimensional Eulerresultshaveindicated thattheyarenot associated withtheobserved instability. Here, "shroud" refers to the region between the combustor liner and combustor casing. Crosssectional areas were chosen to replicate associated volumes and expansion/contraction ratios. 2.7 / 6.9 2.7 / 6.9
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C. Acoustic isolation of the combustor from facili_ air piping A venturi was used to choke and meter the inlet air flow. Since the isolation provided by the sonic throat condition was desired over a range of conditions, the venturi was designed to be underexpanded, resulting in a normal shock at a distance of 1.38 in. (3.5 reducedconditions with full-scalehardware can change theoperating characteristics ofthecomponents ('pressure drops, atomization, etc.).
The final consideration was whether to utilize an apparatus witha simple cylindrical cross-section burner oran apparatus having a cross-section representative of 1/24ofthe 24-nozzle engine burner -i.e.,a 'singlesector' burner. A circular cross-section wasemployed, asthisrepresented the lower-cost, higher-strength approach. Thenumber andsizeof thecombustion anddilutionairholes wasadjusted toprovide proper penetration ofthese airjets.
Theconfiguration of thetestsection is illustrated in Fig.  5 . Provisions forhigh-response pressure transducers andfor gassampling (notreported herein) were incorporated. Three transducer bosses, equally spaced around the circumference, were located in the primary combustion zone.
One was located in the secondary zone, and one in the dilution zone.
Floating seals on the liner captured extension tubes attached to the pressure-vessel-mounted transducers such that the pressures at the inside liner surface could be recorded. (1.6 mm)-diameter, 0.83 in.(2.1 cm) -long sensing tube. A 1000 psia nitrogen supply was used to purge the tube -the amount of purge flow rate was negligible.
The 'A-wave resonant frequency of the cavity within this tube was far above the frequency range of interest in this experiment. Analog data were low-pass filtered at 2 kHz and digitally sampled at 5 kHz using a simultaneous sample-hold data acquisition system.
Anoly$is of Single-Nozzle Rig Acoustics
The single-nozzle combustor rig design was established to preserve the axial lengths and cross-sectional areas of the engine configuration relative to a single nozzle. The area vs. axial position distribution was maintained approximately the same (ref. Fig. 2 ), but some variation existed due to differences in engine hardware and the axisymetric hardware to be used in the single-nozzle combustor. Airflow splits and pressure losses -swirler, bulkhead, liner, primary and dilution jets were also preserved by desigrr. The inlet and exit of the rig were choked to acoustically isolate the system. The main conclusion drawn from the acoustic analyses is that the single-nozzle combustor rig configuration will have a longitudinal acoustic resonance at about 575 Hz that is very similar to the mode observed in engine data and predicted by Euler anhlysis of the engine configuration.
EXPERIMENTAL RESULTS
The operating conditions of the combustor could be completely described by the following parameters: diffuser air pressure (P3), diffuser air temperature (T3) and combustor fuel/air ratio (f/a). Values for each of these parameters were chosen to correspond to three different engine operating conditions. These are shown in Table II . The fuel/air ratio referred to is that estimated at the exit of the combustor and accounted for all of the air flowing into the combustor through the air swirler, primary and dilution holes and liner/bulkhead cooling passages. It was not possible to vary the test parameters independently because of the choked, fixed-area combustor exit. instability was observed at a frequency of 566 Hz (see Fig. 8 ).
The amplitude of this mode at these conditions was +/-0.39 psi (2.7 kPa). The unsteady pressure results presented here are from the transducer located at 2.0 in. (5.1 cm.) downstream of the combustor bulkhead.
The amplitude of the instability increased with increasing fuel/air ratio for fixed P3 and T3. At higher fuel/air ratios, the overall RMS pressure fluctuations were dominated by this single tone. There was significant noise generated in the 100-300 Hz range, although none of it was particularly coherent. . _,_._ .......... ._ ............ ;............ ; ........... Figure 9 shows the spatial distribution of the unsteady pressure at three locations within the combustor and one consistent with a longitudinal acoustic mode. The unsteady pressure in the shroud, just outside the dilution holes was a factor of 2 smaller than that in the combustor and lagged the combustor pressure by approximately 40 degrees.
This mode was also observed at the other two, lowerpower, operating conditions, although at smaller amplitudes and lower frequencies, as shown in Fig. 10 .
ANALYSIS OF RESULTS

Comparison with Analytical Results
The experimental results can be compared to the analytical results by referencing Fig. 6 , which shows the predicted pressure spectrum, and Fig. 8 , which shows the measured pressure spectrum.
Recall the Euler code model predicted broad acoustic resonances at about 575 Hz and 115
Hz. In the experiment, an instabiIity centered near 566 Hz was observed, and there was some incoherent activity indicated near 100-200 Hz. Thus, the agreement appears to be good. The mode shape measured in the experiment was of limited spatial resolution and showed little spatial variation of unsteady pressure amplitude or phase within the combustor chamber itself for the 566 Hz mode (ref. Fig. 9 ). This was consistent with the mode shape of the 575 Hz mode predicted by the Euler code (ref. Fig. 7 ). Note both results did indicate a slight decrease in amplitude towards the upstream end of the combustion chamber. The Euler code prediction indicated the unsteady pressure in the diffuser upstream of the combustor would be 180°out-of-phase with the combustor pressure. The experimental results indicated a significant phase shift in the diffuser section, lagging the combustor pressure by about 90 degrees at 566 Hz. This discrepancy is likely associated with the l-D limitations of the model. For example, it is expected that some level of coupling to the outer shroud passage would occur which is also coupled to the combustor via the air mixing holes. Therefore, some transition of the phase from inphase with the combustor outside the mixing holes to out-ofphase in the diffuser section is expected in the 3-D problem. The result could be a phase relation in the diffuser section between 0 and 180 degrees.
Note that, because the Euler code is essentially an acoustic calculation, it is fundamentally limited in its ability to calculate the amplitude of the pressure oscillations without the addition of a combustion / acoustic coupling model. In calculations for the engine using a constant relative forcing level, the Euler code indicated that both the frequency and amplitude of the instability should increase with increasing engine power level. This trend was validated with engine data and was also reproduced in the single-nozzle experiment (ref. Fig. 1 and Fig. 10 ). It is also encouraging that the damping mechanisms present in the calculations produced a broad peak at 575 Hz, much like that seen in the experiment (see Fig. 10 ).
Comparison with Engine Data Figure 11 shows a comparison between the fluctuating pressure spectrum in the engine and the single-nozzle combustor at comparable operating conditions. Both data sets were acquired over 10 seconds, and were processed using the same techniques.
The frequency of the "target" mode was reproduced within 12%. The amplitude of this mode was matched within 3%. The spectral peak was significantly narrower in the engine data, indicating a more coherent instability.
The single-nozzle combustor also exhibited a higher overall level of noise in the signal, especially at frequencies below 350 Hz.
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